Sputter etching of W-Cr-V tool steel specimens containing various amount of residual carbide was carried out by using an RF magnetron sputtering apparatus. For a fully solution-treated specimen having a very small amount of residual carbide, fine and sharp conical carbides with high density and homogeneity are formed on the surface by such treatment. With increasing sputter etching time, the carbides grow to a thick layer but lose their sharpness, part of the layer disappears and a particle-free matrix appears after long time etching. For the quenched and tempered specimen having a large amount of residual carbide, sharp carbides are newly formed among them but the tops of the residual carbides are not sharp. However, the carbide layer formed on the specimen remains even after a long sputter etching time.
Introduction
Sputter-etching has been widely used not only to draw ultra-fine patterns on semiconductor films like photo-etching to fabricate LSI but also to obtain a smooth surface on materials like electrolytic-polishing of metals. In some cases, sputter-etching of metals brings about segregation of alloying or impurity elements at the surface due to the existence of a sharp temperature-gradient (thermo-migration) and the high density of vacancies near the surface. [1] [2] [3] [4] [5] [6] In other cases, conically-shaped extrusions, so called ''sputter cones'', are formed on the surface of materials with inhomogeneous structures.
The authors 7, 8) have already reported the formation of conical carbides on the surface of austenitic and ferritic stainless steels, Cr-Mo low alloyed steel, and W-Cr-V tool steel, and discussed the formation process. For stainless steels with a low carbon content, the carbides precipitate mainly along grain boundaries when the sputtering energy is low, as is often observed in a sensitizing treatment, but when the sputtering energy is high the carbides precipitate not only along grain boundaries but also within grains on the surface. For steels with medium or high carbon content, the carbides precipitate uniformly and densely on the surface. The carbides vary from micron-to nano-meter size depending on the structures, and the ratio of height to radius is about 3. There seems to be no report of the formation of conical carbides with high density on steel surface by sputter etching. Although the exact dynamics of such quick and dense precipitation of carbides is not clear and has only been explained qualitatively, 7, 8) the unique shape of these carbides can be utilized for surfaces having special electrical, chemical or mechanical functions. The purpose of the present research is to examine the effect of residual carbides (both carbides remaining undissolved during the austenitizing treatment and those precipitated during tempering) on the formation behaviour of conical carbides during sputter etching.
Experimental Method

Preparation of specimens
The material used is W-Cr-V tool steel (JIS SKD5) having the chemical composition (mass%): C: 0.30, Si: 0.25, Mn: 0.46, P: 0.019, S: 0.004, Cr: 2.46, W: 9.46, V: 0.34, Fe: Bal.. The steel was machined to specimens 10 mm Â 3 mm wide and 2 mm thick. These were austenitized at 1373 K for 7.2, 14.4 or 28.8 ks before quenching (solution treated: ST) to vary the amount of undissolved carbide. In addition, other specimens were austenitized at 1343 K for 3.6 ks, quenched and then tempered (QT) at 873 K for 3.6 ks to increase the residual carbide (undissolved carbides + carbides precipitated during tempering). The surfaces of all the specimens were polished with emery paper and buff polished with 0.06 mm alumina before ultrasonically cleaning in acetone. They were then etched with 5% Nital and observed with a scanning electron microscope (SEM). Figure 1 shows representative microstructures of ST and QT specimens. The amount of residual carbide in ST specimens increases with decreasing ST time but it is the greatest for the QT specimen. The size of carbides can be varied over a wide range depending on the degree of dissolution or precipitation.
Sputter etching of specimens
Each specimen was placed on a 1 mm thick aluminum plate on a stage in an RF magnetron sputter apparatus. 7, 8) The stage was cooled by running water to generate a temperature gradient between the surface and the back of the specimen. After the vacuum in the chamber had reached a pressure lower than 6 Â 10 À3 Pa, argon gas (purity: 99.999%) was introduced and maintained at a pressure of 6.7 Pa. The sputter-etching of the specimen was carried out for 7.2, 14.4 or 28.8 ks with a power input of 600 W and a plate current of 0.4 A.
Each specimen surface was analyzed before and after sputter-etching by X-ray diffraction (XRD) and observed using a scanning Ga-ion microscope (SIM, Seiko Instrument Inc., SMI9200D). Figure 2 shows SIM images of ST specimen surfaces (solution treatment time: 28.8 ks) after sputter etching observed from the top ((a), (b) and (c)) and at an incline angle of 60 degree to surface ((a 0 ), (b 0 ) and (c 0 )). When the sputtering time (t se ) is 7.2 ks (a), the shape of precipitated carbides are almost conical, and all of them are very fine, homogeneous and dense. The ratio of height to radius (aspect ratio) is about 3. The size and distribution depends on the crystal orientation of each grain, the detail of which will be reported elsewhere. When the sputter etching time is increased to 28.8 ks (b), the top of the carbides is no longer sharp and a carbide layer is formed, while a part of matrix having a smooth surface without carbides appears. A magnified view of the boundary area ((c) and (c 0 )) shows that the carbide layer is rather thick. Large residual carbides in the matrix are almost eliminated by sputter etching.
Experimental Result
Figures 3(a) and (b) show SIM images of an area of the ST specimen surface (t st ¼ 14:4 ks) where large undissolved carbides such as those shown in Fig. 1(b) do not exist. 8) With a sputter etching time of 7.2 ks (a), the carbides still tend to be conical but some of them are not so sharp and homogeneous. The sharp carbides correspond to those newly precipitated by sputter etching and the others correspond to the residual small carbides that have remained undissolved during solution treatment. The original shape of the residual carbide is almost spherical, so that the shape after sputter etching is not sharp.
When the sputtering time is 14.4 ks (b), some carbides retain the same shape and size as for t se ¼ 7:2 ks, but other carbides decrease their size (almost disappearing in some cases) and areas of the matrix free from carbide also appear. Increasing the sputtering time to 28.8 ks (c) results in the formation of a thick carbide layer such as that shown in (Fig. 2(b) ) but the area of exposed matrix is smaller. Figure 4 shows images of the ST specimen surface (t st ¼ 7:2 ks) in an area where undissolved large carbides do not exist. When the sputter etching time is 7.2 ks (a), the shape of precipitated carbides is almost conical but not homogeneous and when the sputter etching time is 28.8 ks (b), the thick carbide layer remains on the surface and none of the underlying matrix is exposed. Figure 5 shows images of the QT specimen surface. When t se is 7.2 ks (a), some of the carbides are sharp but others are not. The sharp carbides are those newly precipitated by sputter etching, and the others correspond to the residual carbides that have remained undissolved during austenitizing or have precipitated during tempering. With the longer sputtering time of 28.8 ks (b), large residual carbides surrounded by a carbide layer are observed on the specimen surface at low magnification. It therefore seems that the specimen containing a large amount of residual carbide retains the carbide layer without revealing the underlying matrix even after a long period of sputter etching. Figure 6 shows the X-ray diffraction patterns of the specimens before and after the sputter etching for the ST specimen (solution treatment time = 14.4 ks, sputter etching time = 7.2 ks) 8) and the QT specimen. Although there was little carbide in the ST specimen before sputter etching, the type and amount of carbide were similar to that observed in the QT specimen after sputter etching. etching results in the formation of very homogeneous, dense and fine conical carbides when the sputter etching time is short. However, because there are not sufficient carbon atoms near surface before sputter etching to form a carbide layer, it is necessary for a large amount of carbon to diffuse from the interior of the specimen to the surface during sputter etching. Furthermore, it is rather strange that even for the QT specimen, where the carbon content of the ferrite matrix (e.g. 0.02%) is much smaller than that in the martensite matrix (0.30%) in the ST specimen, a high density of conical carbides are formed among the residual carbides. The reason will be that the residual carbides near surface partly dissolve in matrix under high temperature and high density of vacancy caused by sputter etching, and fine carbides newly precipitate among residual carbides. According to the observation 8) by SIM after removal of the matrix around a conical carbide on SUS304 stainless steel by using FIB, the conical carbide is formed under the surface with almost the same depth as its height, i.e. continuous diffusion of carbon occurs from the interior of specimen to the bottom of carbide. If the sputter etching rate of the matrix is greater than the growth rate of carbide in the depth direction, then stable formation of the conical carbide is impossible. The main driving force for diffusion and formation of carbide is not clear under the very complex sputtering process where many factors coexist and interact. However, not only does sputtering cause an increase in surface temperature, which is necessary for precipitation of carbides, but there is also a temperature gradient generated, which causes thermo-migration of both carbon and carbideforming elements. This is essential because the carbide formation occurs only on the surface. If precipitation of carbide occurred inside the specimen during sputter etching, as is usual when tempering after quenching, the continuous formation of dense carbides at the surface would not occur. On the other hand, there is no report in the literature of the precipitation of dense carbide on a steel surface caused merely by a large temperature gradient in normal heat treatments. It seems therefore that some other factors must be found, in addition to the temperature gradient, to explain this phenomenon. The large number of vacancies generated near the specimen surface during sputtering may accelerate the diffusion of both carbon and carbide-forming elements from the interior to the surface. Electro-transport of carbon to the surface may also occur, although the electrical potential between the surface and the back of the specimen is not very large. The stress gradient caused by the temperature gradient (compressive: surface, tensile: back) can also control the atomic diffusion. However, the mechanisms described above should be clarified by separate experiments and detailed analyses.
(b) In the early stages of sputtering, the shape of precipitated carbides is conical with an almost constant aspect ratio and the formation of conical carbides may be attributed to the difference in sputter rate between the precipitated carbide and the matrix, and by the existence of a maximum sputtering rate at an intermediate incident angle (between 0 and 90 degree) of the argon ion on the carbide. Thus, the aspect ratio of the conical shape will be large when the sputtering rate of the matrix is larger, the sputtering rate of the carbide is smaller, and the growth rate of the carbide in the direction parallel to the surface is smaller. Since the sputtering rate varies with the type of carbide, conical carbide with a variable aspect ratio has often been observed in stainless steel. 8) Figures 7(a) and (b) shows schematically the process for formation of conical carbides on the surface during sputter etching of the solution treated specimens without and with residual carbides. In this model, the surface consists of three different grains with different orientations, so that the growth rate of carbides is different in each grain. When the conical carbides grow in the direction parallel to the surface, they contact each other and finally all the surface is occupied by carbides. Subsequently, extruded parts of the carbide layer are etched first and the shape of carbides becomes indistinct. Once the carbide layer covers the surface, because the sputtering rate of the carbide is less than that of the matrix, the continuous diffusion of carbon from the interior accelerates the growth of carbide in the depth direction. However, the thickness of this carbide layer is limited because of the decrease in temperature gradient and the lack of vacancies under the layer. The supply of carbon atoms to surface is delayed due to the exhaustion of the carbon inside, and the growth of the layer in the depth direction is therefore decelerated. When the sputter etching time becomes long, the balance between sputter rate and the growth rate of the carbide layer in the depth direction is lost and further sputter etching results in the appearance of matrix as is shown in Fig. 2(b) , and Figs. 3(b) , (c). This is expressed as the Cdepletion zone in Fig. 7 (a 3 ).
On the other hand, the QT specimen with a large amount of residual carbide in the matrix still keeps the carbide layer even after a long sputtering time, as shown in Fig. 5(b) . It is possible that the high density of hard residual carbide on surface decreases the average sputtering rate of surface, while partial dissolution of carbides in matrix supply sufficient carbon to precipitate new carbides among residual carbides as described above. Thus, the consumption of carbon by sputter etching will be smaller for the QT specimen and the thicker carbide layer remains even after a long sputtering time, which results in lower speed of thickness loss. This will be the reason why the matrix does not appear in the QT specimen.
Sputter etching of steels to create functional surface
The conical carbides or the carbide layer formed by sputter etching of the steels can be used to produce a functional surface for a variety of purposes. The very sharp conical carbides with high density obtained for the ST specimen can be utilized as a catalyst or support for a catalyst, a cold emitter, a traction roll, parts of a micro machine, or a foundation for a thick film due to the strong anchor effect. If the hard matrix is necessary to support the conical carbides, tempering after sputter etching should be adopted. The sputtering conditions provide another means of controlling the shape and function of carbides. If this surface is proved to be effective, various classical metallurgical methods may then be used to control the size and distribution of carbides.
When the sputter etching is applied to commercially supplied cutting tools that contain a large amount of residual carbide, the shape of the carbides is not sharp but the carbide layer can be used as a wear resistant coating at a much lower cost than CVD and PVD films.
Conclusion
Sputter etching was applied to a W-Cr-V tool steel after heat treatment to obtain various amounts of residual carbide. The results obtained are as follows:
(1) For the solution treated specimen having a small amount of residual carbide, very fine and sharp conical carbides with high density and homogeneity were formed on the surface by sputter etching. When the sputter etching time was increased, the carbides disappeared to leave a matrix without carbides. (2) In a quenched and tempered specimen with large amount of residual carbide, sharp carbides were newly formed among the residual carbides, but the shape of residual carbides was not sharp. A carbide layer was formed on the surface and it remained even after a long sputter etching time.
